This article reviews the antidepressant actions of ketamine, an N-methyl-D-aspartame glutamate receptor (NMDAR) antagonist, and offers a potential neural mechanism for intranasal ketamine's ultra-rapid actions based on the key role of NMDAR in the nonhuman primate prefrontal cortex (PFC). Although intravenous ketamine infusions can lift mood within hours, the current review describes how intranasal ketamine administration can have ultra-rapid antidepressant effects, beginning within minutes (5-40 minutes) and lasting hours, but with repeated treatments needed for sustained antidepressant actions. Research in rodents suggests that increased synaptogenesis in PFC may contribute to the prolonged benefit of ketamine administration, beginning hours after administration. However, these data cannot explain the relief that occurs within minutes of intranasal ketamine delivery. We hypothesize that the ultra-rapid effects of intranasal administration in humans may be due to ketamine blocking the NMDAR circuits that generate the emotional representations of pain (eg, Brodmann Areas 24 and 25, insular cortex), cortical areas that can be overactive in depression and which sit above the nasal epithelium. In contrast, NMDAR blockade in the dorsolateral PFC following systemic administration of ketamine may contribute to cognitive deficits. This novel view may help to explain how intravenous ketamine can treat the symptoms of depression yet worsen the symptoms of schizophrenia.
Introduction
This article provides a review of the emerging clinical literature on the antidepressant actions of ketamine, an N-methyl-D-aspartate receptor (NMDAR) antagonist, and presents a novel hypothesis for the potential neural mechanisms underlying the ultra-rapid relief of depression with intranasal delivery of ketamine. The hypothesis is based on the discovery that NMDAR actions are critical for generating mental representations in the dorsolateral prefrontal cortex (PFC) of the nonhuman primate, and parallel actions in the medial PFC circuits representing pain and suffering may contribute to symptoms of depression, and be rapidly alleviated by ketamine blockade.
All presently available U.S. Food and Drug Administration (FDA)-approved antidepressants affect the biogenic amines dopamine, norepinephrine, and serotonin. These antidepressants are effective for some, but not all, persons with major depressive disorder (MDD). Patients are usually informed that it can take 4-6 weeks for an antidepressant to work, but given our inability to predict a priori either which antidepressant or what dose is right for each patient, in reality it takes months, not weeks, even when good outcomes are obtained. Further, many patients are "treatment refractory" because we have not yet found agents to treat their particular subtype of depression.
Recent evidence that ketamine is both an effective and rapid-acting antidepressant in patients who have failed multiple antidepressant trials is providing hope that new antidepressants may be on the way.
A cautionary note: Ketamine is not FDA-approved for the treatment of depression. Synthesized in 1962, ketamine was approved in 1970 as an anesthetic agent for diagnostic and surgical procedures not requiring muscle relaxation; for induction of anesthesia prior to the administration of other general anesthetic agents; and to supplement low-potency agents (eg, nitrous oxide). 1 Additionally, it has been used off label as an analgesic 2 and as a sedative. on clinical studies in healthy volunteers, which showed that at subanaesthetic doses, intravenous ketamine was safe but did cause rapid and short-lived changes in mental status. In the 1990s, Skolnick et al 6 suggested that adaptation of NMDARs might be involved in the pharmacotherapy of depression, setting the stage for several groups to start planning clinical trials to see if glutamatergic agents in general and ketamine in particular had antidepressant efficacy.
Given that the efficacy and safety of ketamine for depression have not been definitively established, all studies conducted thus far have tested ketamine not as a first-line treatment, but in adults with "treatmentrefractory depression" (TRD) operationalized as a major depressive episode that has failed to respond adequately to 2 or more antidepressants prescribed at adequate dose and duration. 7 
Evidence that Intravenous Ketamine Has Antidepressant Effect Within Hours
Placebo-controlled studies of intravenous ketamine have generally found optimal improvements in ratings of depression 24-72 hours after the infusion, with a significant decrease in depression ratings beginning at 110-240 min. These studies have reported a rapid "high" immediately after the infusion, as measured by a visual analog scale. It is not clear if this "high" represents a rapid relief in depressive mood (which might be experienced as a "high" given the rapidity of the change) or a drug-induced euphoria that is separable from a relief of depression. This challenge is confounded by the high rates of dissociative side effects that accompany intravenous ketamine infusions, which likely obscure changes in mood and its evaluation.
Berman Another study examined whether repeated ketamine infusions could produce sustained improvement in patients who had previously shown benefit from a single infusion. Nine of 10 patients who had previously responded to a single dose of intravenous ketamine were enrolled in a protocol that tested the safety and efficacy of repeated dose intravenous ketamine. The patients received an infusion on day 1, and 5 additional infusions on days 3, 5, 8, 10, and 12.
11 Thereafter, follow-up visits were conducted twice weekly for at least 4 weeks or until relapse. Three patients experienced significant but transient dissociative symptoms, but for all other patients, side effects during and after each ketamine infusion were mild. The mean reduction in MADRS scores after the sixth infusion was 85%. Eight of the nine patients relapsed, on average, 19 days after the final infusions, with a side range of 6-45 days. The remaining 1 patient had minimal depressive symptoms and required no antidepressant medication over 3 months after the final infusion.
Evidence that Intranasal Ketamine Has Antidepressant Effects Within Minutes
In contrast to intravenous administration of ketamine, intranasal administration appears to produce fewer dissociative side effects, and an ultra-rapid relief within minutes that is not simply a drug-induced "high." Lapidus et al 12 recently completed the first published randomized, double-blind, controlled trial comparing intranasal ketamine vs saline inhalation. Twenty subjects were recruited, and 18 completed 2 test days 1 week apart, in which they received either ketamine on day 1 and saline placebo on day 7 or saline placebo on day 1 and ketamine on day 7, with change in MADRS scores 24 hours after inhalation being the primary outcome measure. The primary outcome measure was the 24-hour decrease in MADRS scores from baseline, which was a reduction greater than 40% (p < .001). Remarkably, the decrease in MADRS scores from baseline was already greater than 30% at only 40 min after intranasal administration (p < .05). Treatment was associated with minimal adverse effects. Our own recent experience indicates that intranasal administration of ketamine can ameliorate symptoms of depression and anxiety in less than 20 minutes. 13 Some patients have had a very rapid positive response, eg, reporting that their long-term serious depression had lifted as soon as 15 minutes after self-administering 20-40 mg of intranasal ketamine under supervision. Patients report that this is different from a drug "high"; rather, they feel calmer and less anxious. For example, one patient, who had failed to respond to either multiple medication trials or 2 ECT trials, said very calmly 10 minutes after inhaling 40 mg of ketamine, "I am not depressed." A few minutes later he remarked, "I never noticed how beautiful the sunlight is shining through your drapes," and asked if I would open the drapes. When I did he said, "That's beautiful! I never noticed you had a river behind your office." When the session ended about 45 minutes after he had inhaled ketamine, he said, "I was going to head home, but I think I will go meet some friends. I haven't seen them in over a year." Another patient, who had responded to a research study in which she received a single infusion of ketamine more than a year ago and was hoping that intranasal ketamine could replicate the beneficial response, said within 15 minutes of inhalation, "I am feeling better, like when I was in the intravenous ketamine study. I am less depressed. But for me what's even better is I feel calm, and I was very anxious coming here this morning." There is also the example of a patient whose depressive symptoms had necessitated her being on disability, as she was unable to carry out a demanding job. Within 20 minutes of her first inhalation of ketamine, this patient said, "I feel lighter, less depressed. If this works maybe I can return to work after all." Later that week, she called her supervisor and asked him if she could try working again on a trial basis, part time. With continued intranasal ketamine treatment, she is now working full time. Assessments of these changes in mood and outlook may require the creation of new rating scales designed to capture these rapid transformations in mental state. What is allowing this ultra-rapid improvement in mood? The work of Duman and Aghajanian 14 in rodents suggests that the antidepressant effects of ketamine treatment may involve increased synaptogenesis in the PFC. Although this may be important for longer-term amelioration of TRD, the rapid improvements in depression within minutes cannot be due to the formation of new synapses on spines, as new synapses were only evident after 2 hours, not within minutes. 15 We hypothesize that intranasal ketamine's ultra-rapid antidepressant effects within minutes might be explained by the blockade of NMDAR in the frontal circuits that represent the mental suffering aspects of pain (Brodmann areas 24 and 25 and the insular cortex), while more prolonged antidepressant actions may arise from new spine growth in the higher PFC regions that normally serve to regulate these pain pathways.
Potential Neural Mechanisms
Glutamate actions at NMDA receptors
The neurotransmitter glutamate acts at a variety of receptors, including those that form ion channels to allow sodium entry into the cell (AMPA, kainate, and NMDA receptors), and those that are coupled to G-proteins to have more indirect intracellular actions (the metabotropic glutamate receptors mGluR1-8). The NMDA receptor is of particular interest, as it passes calcium as well as sodium, thus engaging calcium-related signaling events. The NMDA receptor is also unique due to its voltage-dependent activation, as its ion channel is blocked by magnesium when the membrane is hyperpolarized. Orser et al 16 proposed that ketamine has two distinct mechanisms: blocking the open calcium channel and decreasing the frequency of channel opening. Subsequent work has shown that the NMDA receptor is a heterotetramer consisting of 2 GluN1 and 2 GluN2 subunits; the latter can be either the rapid NR2A subunits or the slower NR2B subunits, which allow greater calcium entry. 17 Ketamine blocks both types of NMDA receptors 18 ; however, its effects in the prefrontal association cortex (PFC) likely involve NMDA-NR2B receptors, as described below.
The primate PFC regulates cognition and emotion
Increasing evidence indicates that the PFC plays a critical role in depression. 19, 20 The PFC provides top-down regulation of thought, action, and emotion, 21 and has extensive connections to either promote or inhibit these neural events. [22] [23] [24] [25] [26] The PFC expands greatly in primate evolution, with the ventral and medial PFC (vmPFC) specialized for the regulation of emotion (internal states), while the more dorsal and lateral regions of the PFC (dlPFC) mediate cognition (external states). [22] [23] [24] 27 Further forward in the frontal pole, there are even PFC areas that subserve metacognition, eg, insight about oneself and others. 28 These regions all interconnect to provide a holistic mental state. The medial PFC includes the cingulate cortices that sit above the corpus callosum. The cingulate cortices in the frontal lobe include the anterior cingulate cortex, also known as Brodmann Area (BA) 24, and the cingulate cortex under the genu of the corpus callosum, often called the subgenual cingulate. The subgenual cingulate is part of the vmPFC, and is often referred to as the subgenual vmPFC. This review will use these terms interchangeably, reflecting the literature cited. The most caudal part of the subgenual PFC is BA25, which plays a key role in depression (see Figure 1 ). The differences in terminology between articles can be very confusing, especially as there are species differences that add to the ambiguity (eg, in the rodent medial PFC, these areas appear to be intermixed and undifferentiated compared to primates 23 ). However, a cohesive picture is beginning to emerge, whereby circuits in the ventral and medial PFC can represent the emotional value of an event, while circuits in dorsolateral regions generate representations of external space and sensory features. For example, in the anterior cingulate cortex, BA24, there are neurons that fire to the expectation of punishment, 29 while in the dlPFC, there are neurons that can represent a position in visual space 30 ; all of these neurons are capable of representing information in the absence of sensory stimulation.
The key role of vmPFC Brodmann Area 25 in major depressive disorder
Imaging studies and ensuing deep brain stimulation (DBS) treatments have revealed that the subgenual vmPFC is particularly relevant to MDD. 19, 20, 31 Within the vmPFC, BA25 is of particular interest, as this region is the "head ganglion" of the visceromotor system, 23 and is positioned to control much of the limbic and autonomic nervous system (see below). The work of Mayberg 32 has shown that BA25 is activated in healthy individuals when they think of sad events, and this same region is overactive in patients with MDD. Conversely, the activity of BA25 is reduced in MDD under conditions of effective treatment, including psychotherapy. 20, 32 Interestingly, BA25 has an exceptional density of serotonin transporters, which suggests that it may be a site for selective serotonin reuptake inhibitor antidepressant actions. 32 Based on these data, DBS has been used to quiet the activity of BA25 in patients with intractable depression, and many have reported immediate relief. For example, one patient described the experience as follows: "All of a sudden they hit the spot, and I feel so calm and so peaceful. It was overwhelming to be able to process emotion on somebody's face. I'd been numb to that for so long." 33 These comments are remarkably similar to those of patients experiencing intranasal ketamine administration described above, suggesting that the 2 treatments may influence common brain circuitry.
Overlap with pain circuits BA24, BA25, and the insular cortex are all key parts of a circuit that processes the emotional aspects of pain ( Figure 1) . 34, 35 The sensory vs emotional aspects of pain are processed by parallel pathways, 36, 37 where the arousing and suffering aspects of pain are processed by diffuse projections that arise through the brainstem and medial thalamus, which then projects to the insular cortex and the anterior cingulate BA24, 35, 38 which both project to BA25 (Figure 1) . 23 Lesion studies in rats have shown that the anterior cingulate cortex is a key area for processing the emotional aspects of pain. 46 The overactivation of this medial pain system in depression may lead to the generation of mental suffering normally caused by a painful stimulus, yet in the absence of an actual sensory event. This view of depression emphasizes why it is indeed a mental disorder.
Researchers have hypothesized that the effects of intravenous ketamine may involve alterations in glutamate signaling in these circuits. 47, 48 For example, the depressed patients who respond best to ketamine treatment are those with overactivity of BA24 before treatment, 49 suggesting that ketamine may act by reducing the firing of an overactive system generating mental anguish. Similar results have been seen in patients with bipolar depression, where response to ketamine correlated best with activity in the BA25. 50 Additional support can be found in imaging studies of the ketamine response in both healthy subjects and patients with depression. For example, i.v. infusions of ketamine reduced the activity of the vmPFC in healthy volunteers 51 and reduced the activity of the insular cortex in patients with intractable depression. 52 Carlson et al 52 also found reduced activity in the lateral habenula, a brain region that responds to aversive stimulation and inhibits the dopamine reward system. 53 Thus, human imaging studies suggest that ketamine alters the activity of the circuits that mediate the emotional response to pain. Research in animals also links NMDA receptors in these brain regions with response to pain. For example, studies in rats have shown that increased sensitivity to visceral pain is associated with increased NMDA-NR2B receptor expression within the anterior cingulate cortex, and is reduced by NMDA-NR2B blockade. 54 Recordings were made from the dlPFC of monkeys performing a visuospatial working memory task in which the monkey had to remember an ever-changing spatial position over a brief delay period (Figure 2A ). GoldmanRakic 57 first discovered that there are neurons in the dlPFC that are able to represent spatial position over the "delay" period by maintaining persistent firing in the absence of sensory stimulation, but only following a cue at their "preferred direction" ( Figure 2B ). 30 GoldmanRakic 57 uncovered the layer III dlPFC microcircuits that generate these neural representations, including glutamatergic pyramidal cells that excite each other to maintain persistent firing ( Figure 2C ). This persistent firing arises from glutamate stimulation of NMDAR-NR2B on pyramidal cells spines ( Figures 2D-2E) . In contrast to the sensory cortex, NMDAR-NR2Bs are found exclusively within the postsynaptic density in these layer III synapses on spines, and are not at extrasynaptic sites ( Figure 2E ). 56 Blockade of these NMDAR-NR2B, eg, with local NMDA-NR2B blockade or by systemic administration of ketamine, decreases the firing of delay cell circuits and erodes the neural representation of visual space ( Figure 2D ). 56 Although there have not yet been studies of NMDAR actions in primate vmPFC, studies of the rodent vmPFC suggest that NMDAR actions are especially important for these circuits as well, 58 including NMDAR-NR2B
mediation of pain in rat medial PFC. 54 If similar actions occur in humans, we hypothesize that ketamine may block the representation of pain and suffering by vmPFC circuits, temporarily relieving mental anguish. A rapid decline in the firing of BA24, BA25, and/or insular cortex might shift mental state and be experienced as a "lifting" or a "high." This respite in firing may provide a "foot in the door" to allow higher PFC circuits to provide more sustained regulation for longer-term relief, ie, true antidepressant actions.
Intranasal Ketamine Is Ideally Positioned to Target Higher Pain Circuits
Intranasal administration has been established as an effective method for drug delivery to the brain 59 via the olfactory system. 60 These studies suggest that intranasally applied ketamine enters the brain through the olfactory system, where the olfactory nerves traverse holes in the cribiform plate into the olfactory bulb, which sits immediately below the vmPFC (Figure 1) . Thus, intranasal administration may direct the drug to those brain regions where ketamine may have its therapeutic actions (schematically illustrated in Figure 1 ). Indeed, intranasal administration of ketamine is given in the emergency room for the rapid relief of pain, as it provides effective analgesia within 5-20 minutes. 2 These data suggest that ketamine may have similar effects in depression, relieving the mental aspects of pain. The findings from the emergency room analgesia studies further suggest that intranasal ketamine may be particularly helpful in the subset of depressed patients who experience physical as well as mental pain.
Working Hypothesis and the Relationship to rTMS Treatment of Depression
We hypothesize that intranasal ketamine may help to ameliorate the symptoms of depression by very rapidly reducing the firing of neurons in BA24, BA25, and the insular cortex, thus providing an opportunity for the left dlPFC to begin to regulate these pain circuits for longerterm antidepressant actions. Studies in animals 61, 62 and then in humans 63 have shown that dlPFC circuits are taken "off-line" during stress exposure. With prolonged stress exposure, there are additional architectural changes, such as loss of spines and dendrites in those circuits that provide top-down regulation, and increased dendritic arborization in those circuits that drive the stress response. 62, [64] [65] [66] [67] [68] Thus, it may take time for spines to regrow in the higher PFC regions that provide top-down control and normalization of circuit strengths. Also, as ketamine impairs the functioning of the dlPFC, 56 the drug would need to be cleared before these regulatory functions could be evident. Studies in rodents have observed new spines forming in PFC neurons in response to ketamine treatment, likely involving changes in mTor signaling pathways, the engagement of BDNF growth factors, and the inhibition of GSK-3 signaling, eg, by lithium. 15, 69, 70 . Spine growth is not evident for the first 2 hours after ketamine treatment, which suggests that these effects do not underlie the ultra-rapid changes in mood (within minutes), but likely contribute to the more prolonged mood stabilization that follows. The rodent PFC is undifferentiated, and thus we cannot know without explicit tract-tracing studies whether spine changes in rodent PFC are in neurons that excite or inhibit the stress response. However, accumulating data from human and nonhuman primates suggest that the prolonged antidepressant effects may involve spine changes in higher PFC regions such as the dlPFC that are positioned to regulate the circuits that generate mental representations of pain.
Tract tracing studies in monkeys have shown that the dlPFC (eg, areas BA9 and BA46) can influence BA25 via projections through BA10m and BA32 to BA25 (schematically illustrated in Figure 3) , 23, 71 and can influence the insular cortex via projections via BA10m through a variety of orbital connections. 23 There are also extensive, direct connections between the dlPFC and BA24 (Figure 3 ; see, eg, Selemon et al
72
). Recent analyses of successful DBS treatments for intractable depression suggest that this anterior pathway involving BA10m must be activated in order to have persistent antidepressant effects. 73 Thus, these circuits may be involved in the healthy, endogenous regulation of emotional state by higher PFC areas.
Interestingly, BA10m appears to be involved in emotional regulation 74 and self-knowledge, 28, 75 which may be needed for a person to have the self-awareness of emotional recovery. The human brain has hemispheric specialization that may also contribute to depression and its treatment.
In an oversimplified manner, we can say that the left PFC is the "yes" hemisphere, while the right hemisphere is the "no" hemisphere. For example, longstanding evidence has shown that lesions to the left hemisphere are associated with depression. 76 In contrast, mania is associated with reduced activity of the right PFC, 77 which is specialized for inhibiting inappropriate actions and emotions. 78 Repetitive transcranial magnetic stimulation (rTMS) is increasingly used for the treatment of depression, using either high frequency rTMS applied to the left dlPFC to strengthen its function or low frequency rTMS to the right dlPFC to weaken its influence. 79 rTMS may work in part by altering dlPFC influence on BA25, as there is evidence from functional connectivity studies that TMS sites in left dlPFC with better clinical efficacy were more negatively correlated with the subgenual cingulate, ie, the region including BA25. 80 Conversely, the patients that responded best to low-frequency rTMS to the right dlPFC have shown the highest activity in subgenual vmPFC before treatment. 81 Thus, optimal treatment for intractable depression may be helped by a combination of intranasal ketamine and rTMS in order to help normalize the PFC circuits that regulate emotion.
Discussion
The intranasal administration of ketamine may be especially effective in treating depressive symptoms, as it may target the circuits most relevant to depression and present fewer side effects, eg, dissociation and confusion, than have been found with intravenous administration. Intranasal administration also has the great benefit that it can be self-administered, thus facilitating the multiple treatments often needed to produce sustained relief. However, it is important to note that ketamine treatment is not a panacea for depression: there are still patients for whom the treatment is ineffective or only effective for a brief time, or for whom the side effects are intolerable. Thus, it is important that ketamine is not viewed as a "miracle cure," as it is often conveyed in the media. Understanding ketamine's beneficial actions will be a daunting task, as the circuits that regulate and generate emotion are extraordinarily complex. However, the successful use of intranasal ketamine for treating physical pain suggests that the circuits that process the emotional aspects of the pain experience are likely involved. The ultra-rapid effects of intranasal ketamine suggest that NMDA receptor blockade may have immediate effects on pain circuits. Although previous research focused on the extrasynaptic effects of NMDAR-NR2B, it is now known that NMDAR-NR2B are essential synaptic elements in the PFC circuits that generate mental representations in primates. 56 It is not known if these mechanisms extend to the primate vmPFC circuits that generate representations of suffering. If so, we propose a multistep process:
1. Ketamine produces an initial, ultra-rapid reduction in the firing of these representational pain affect circuits, breaking their vicious cycle. 2. Strengthening of the higher dlPFC circuits that regulate these pain pathways, likely involving synaptogenesis, as suggested by Duman and colleagues. 14, 82 The addition of rTMS treatments may be helpful for some patients, as rTMS applied to the left dlPFC may strengthen the circuits that regulate emotion.
There are also measurement challenges to future clinical trials on intranasal ketamine and related interventions. Many studies conducted on ketamine have utilized standard measures of antidepressant efficacy, which were developed decades ago. While existing scales have a vast literature supporting their validity and sensitivity regarding antidepressants (eg, the MADRS and HDRS), there are some limitations to this approach. It is worth noting that these instruments have principally been conceptualized and tested under specific psychopharmacologic paradigms (eg, monoamine oxidase inhibitors, tricyclic antidepressants, selective serotonin reuptake inhibitors), all of which have entirely different mechanisms of action and onset of effects than ketamine. Most critically, in studies of ketamine, it is likely that these measures are inadequately describing and capturing patient experience, and thus are not capturing the underlying phenomena that are changing in those who respond to ketamine treatment. Further development of measures that meaningfully evaluate the effects of this novel class of treatment are essential for future research. Finally, the perspective described in this review may help to elucidate why ketamine helps symptoms of depression (reducing the pathological overactivity of BA25), but worsens or mimics the symptoms of schizophrenia (impairing the functioning of the dorsolateral PFC 56, 83, 84 ). Future research should explore whether there are any mechanisms that are differentially expressed in primate BA25 vs dlPFC, in order to create antidepressants that do not aggravate psychosis and antipsychotics that do not induce depressive symptoms.
Conclusion
Large numbers of patients with intractable depression require new approaches to treatment, and ketamine has shown promise. Intranasal administration of ketamine may be especially useful due to its ease of use, superior side effect profile, and ultra-rapid rate of onset. The intranasal route may have fewer side effects by preferentially targeting the vmPFC systems most relevant to depressive symptoms. We hypothesize that ketamine may have ultra-rapid beneficial effects within minutes by blocking NMDAR-mediated neural representations of suffering, thus easing a vicious cycle of mental anguish and paralysis. More sustained antidepressant actions would require normalization of the higher PFC circuits that regulate mental pain circuits, eg, through increased synaptogenesis in these higher regions. This approach can be coupled with rTMS applied to the dlPFC for those patients who require more comprehensive treatment for unremitting depressive symptoms. 
